OsES1, a rice homolog of the maize En/Spm transposon, is transcribed to produce TnpA-like and TnpDlike transcripts. However, an alternatively spliced form of the TnpA-like transcript, which was found to be suppressed in transgenic plants, was revealed to be due to atypical splicing of a Hipa-like CACTA transposon.
T HE rice genome sequence (Oryza sativa cv. Nipinsertions present in the ORFs of the putative transpoponbare) was searched for sequences similar to the sases in OsES1 potentially affect the production of funcautonomous maize En/Spm transposon and revealed the tional proteins and therefore transposition ability. The 10,693-bp-long low-copy transposon OsES1 (GenBank first insertion, a 1280-bp defective Helitron-like transpoaccession no. AC123523) with imperfect terminal inson (Kapitonov and Jurka 2001) , is located in the verted repeats (TIR) ending with the typical CACTA seventh intron ( Figure 1 ; Table 2 ). In addition, a 1169-sequence and flanked by a 3-bp target-site duplication.
bp defective CACTA-like transposon with a typical triOsES1 could be classified as a potentially cognate autonnucleotide target-site duplication is inserted in the last omous transposon due to the presence of two predicted exon. This element shares homology to Hipa, a rice En/ open reading frames (ORFs) coding for peptides with Spm-like transposon with characteristic conserved CACTG homology to the TnpA and TnpD transposases, demontermini (Panaud et al. 2002; Wang et al. 2003) . Indeed, strated to be necessary for transposition of the maize sequence and DNA gel-blot analyses of OsES1 elements En/Spm element (Frey et al. 1990; Masson et al. 1991) .
in several other rice cultivars revealed a clear association Several imperfect repeats of a common motif (GTAGG between the occurrence of these modifications and lack GAAA) are present in the 400-bp subterminal regions of mobility (data not shown). that, similarly to the maize En/Spm element, may represent the sites at which the TnpA-like transposase can bind to mediate the transposition process (Gierl et al.
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1988; Frey et al. 1990; Raina et al. 1998 Figure 2A , lane 1). These transcripts probably splicing sites confirmed by RT-PCR experiments rearose within the element as revealed by multiple 5Ј-vealed a similar complex organization, with two main RACE products (data not shown). However, an addiORFs spanning 12 exons and 11 introns (Figure 1 ; Table  tional alternative TnpA transcript of ‫4.2ف‬ kb was also 1). However, two point mutations and two transposon visible and was confirmed by 3Ј-RACE experiments, which revealed a 1-kb main fragment and a less abundant 1.4-kb form ( Figure 2B , lane 1). In addition, RT- -329) . ORF2 would encode a 528 aa putative peptide partially homologous to TnpA (S28365; 44% similarity over 324 aa). However, a frameshift at position 3317 and a nonsense mutation at position 5093 (indicated by asterisks) are present in TnpD and TnpA, respectively, which interrupts the reading frames. The positions of the primers used for transcription analyses are also shown, along with the probe used for Northern analysis.
F or H were less abundant than the products obtained as predicted, at position 10,216. However, neither the Helitron-like nor the Hipa-like transposon insertions with primer I ( Figure 2C , lanes 2s and data not shown).
Because DNA gel-blot analysis revealed the presence were present in this longer transcript that is a complete form of the TnpA-like product. of only one additional OsES1 homologous element in the Nipponbare genome (GenBank accession no. AC-
The presence of the Helitron-like insertion seems to prevent splicing of the last intron, inducing premature 073391; supplementary Figure 1 at http://www.genetics. org/supplemental/), which appeared to be truncated polyadenylation before the insertion site and resulting in the formation of the more abundant short transcript. and partially divergent at the nucleotide level, the two TnpA-like transcripts must result from alternative tranSuch examples of transposon insertions in transcribed regions influencing pre-mRNA processing have been scription of the OsES1 element. In particular, sequencing of the RACE products (5Ј and 3Ј) revealed that the observed in the shrunken2 and waxy genes of maize (Varagona et al. 1992; Lal et al. 2003) . most abundant shorter form originates by transcription through the last intron and premature polyadenylation
The less abundant TnpA-like spliced product can be produced by splicing of the intron containing the Heliat position 7043, before the Helitron-like insertion. On the other hand, the less abundant longer form contron and transcription through the last exon. The Hipalike transposon might be expected to excise by activity tained all the expected exons and was polyadenylated, of a trans-activating transposase from an autonomous site proved unsuccessful, even when appropriate conditions to reveal rare events were used (data not shown). partner. Although several hundred Hipa-homologous sequences have been shown to be present in the NipMoreover, the absence of a molecular footprint at the site of the Hipa-like insertion in the long TnpA-like ponbare genome (Panaud et al. 2002; Wang et al. 2003) , no transpositional activity has yet been demonstrated. transcript would require the occurrence of a perfect excision event, known in plants to be exceptional comThe Hipa sequence described by Panaud et al. (2002) has a size compatible with it being an autonomous elepared to footprint-leaving excisions (Saedler and Nevers 1985; Coen et al. 1989 ). Thus it is unlikely that ment (10,539 bp) and shares sequence identity in the TIRs and the subterminal regions with the Hipa-like excision of the Hipa-like element from the OsES1 eleinsertion in OsES1, indicating that they belong to the ment occurs. same family ( Figure 3A) . RT-PCR analysis revealed that Alternatively, removal of the Hipa-like transposon the two predicted ORFs coding for putative peptides could be a phenomenon occurring at the RNA level homologous to TnpD-like transposases (ORF1) or to rather than at the DNA level, with transcription read putative transposases and hydroxyproline-rich glycoprothrough the Hipa-like element followed by processing teins (ORF2) within this Hipa element are transcribed out the element from the primary transcript. Splicing (Figure 3 , B and C). However, attempts to demonstrate of transposable elements from pre-mRNA has been prethe occurrence of excision of the Hipa-like transposon viously described for defective members of the Ac/Ds from OsES1 by PCR amplification of an empty donor and En/Spm families in maize, suggesting that they may function as novel introns (reviewed by Weil and Wessler 1990). Most relevant in many cases, splicing was suppressed by the presence of the autonomous partner, presumably as a consequence of the binding of the bare rice; ET 4.2, ET 13.7, Tpase 1.4, and Tpase 7.9: transgenic Nipponbare lines containing the maize En/Spm transposase (Greco et al. 2004) . To detect endogenous OsES1 transcript, a 0.95-kb PCR-amplified fragment obtained using primers H and I was used as a probe (Figure 1 ), corresponding to the 3Ј region of the putative transposases (TnpA or TnpD). As a loading control, the same blot was rehybridized with an actin tobacco cDNA probe. (B) OsES1-specific transcripts revealed after hybridization with the same probe, using 3Ј-RACE reaction products obtained with primer H and an oligo(dT) adapter primer on wild-type and transgenic rice cDNAs. (C) RT-PCR fragments from wild-type and transgenic rice cDNAs amplified using primer H in combination with I or L and hybridized with the above-mentioned probe. As a negative control, cDNA prepared from an Arabidopsis En/Spm transposase line was used (Ten5; Aarts et al. 1995) . RT-PCR reactions were performed on single-strand cDNA synthesized from 500 ng of poly(A) ϩ RNA with Superscript reverse transcriptase (Invitrogen, San Diego), as described by Frohman et al. (1988) . The concentrations of the cDNA samples were equalized using actin primers. The SMART RACE cDNA amplifica- Figure 2 .-OsES1 transcription in Nipponbare. (A) Northern blot analysis was performed on 6 g of poly(A) ϩ RNA tion kit (CLONTECH, Palo Alto, CA) was used for the isolation of full-length cDNAs. isolated from 3-week-old rice plantlets. Wt: wild-type Nippon- trans-acting transposases to the termini of the defective atypical mRNA processing was described for the removal of a 144-bp exonic portion of an opioid receptor in element. In all cases, canonical donor and acceptor sites from the host DNA or (cryptic sites) from the element human melanomas (Mayer et al. 2000) , although the underlying mechanism remains unclear. Atypical splicitself were employed, which never led to the complete deletion of transposon sequences. In the case reported ing in the absence of canonical splice sites was also revealed for the 13th intron of the FCA gene in Arabihere, however, the process leads to the perfect restoration of the original donor site. A similar situation was dopsis (Macknight et al. 1997) , suggesting that this alternative mechanism of intron excision might exist in reported by Giroux et al. (1994) in which the exact removal of a Ds transposon and one copy of the eightplants. nucleotide target-site duplication occurred occasionally (Ͻ5% frequency) as a result of RNA splicing from an ALTERNATIVE TRANSCRIPTION OF OsES1 IS exon of the maize sh2-m1 allele. Also in this case, how-SUPPRESSED IN TRANSGENIC PLANTS ever, the random incidence of consensus GT/AG splicing sites (Goodall and Filipowicz 1991) within the Remarkably, the longer TnpA-like transcript was absent in transgenic rice plants, independently of the inrepeats of the target-site duplication could allow the alternative splicing. In this respect, elimination of the troduced construct (Figure 2 and data not shown). In analogy with the suppression mechanism invoked for defective Hipa-like element from OsES1 does not resemble a "true" splicing event, as no common splice recognithe maize En/Spm transposase (Gierl et al. 1985) , Hipa transposases activated from cryptic or silent elements tion sequences that could generate the final product are present in the surrounding region. A similar example of in the transgenic lines could bind to the termini of the
